Coherent light sources in silicon photonics are the long-sought holy grail because silicon-based materials have indirect bandgap. Traditional strategies for realizing such sources, e.g., heterogeneous photonic integration, strain engineering and nonlinear process, are technologically demanding. Here, we demonstrate a hybrid lasing device composing of perovskite nanocrystals and silicon nitride nanobeam cavity. We fabricate SiN photonic crystal naonobeam cavities on a solid substrate with significantly improved thermal and mechanical stabilities compared to conventional suspended ones. In addition, adding a PMMA-encapsulation layer on top of the SiN can significantly boost the Q-factor of the cavity mode. By dispersing perovskite nanocrystals as emitters in the PMMA layer, we obtained high-performance coherent emissions in terms of lasing threshold, linewidth and mode volumes. Our work offers a compelling way of creating solution-processed active integrated photonic devices based on the mature platform of silicon photonics for applications in optical information science and photonic quantum technology.
Introduction
Silicon Photonics has been long recognized as a very powerful platform for future broadband and high-speed data transmission and processing, because of its excellent scalability and compatibility with modern complementary metal oxide semiconductor (CMOS) technology. [1] [2] [3] The success of silicon photonics has fueled rapid developments in new research directions ranging from refractive index to spectroscopic sensing, [4] which requests the extension of the operation wavelength from silicon materials' transparent window of 1.1 µm to 4 µm to visible and near-infrared range. Therefore, silicon nitride (SiN) with wide transparency window, from visible to near-infrared, has been included in silicon photonics as a complementary integrated photonic platform. [5] Despite impressive developments in the core components, such as extremely low-loss waveguide, [6] ultrafast modulators [7] and broadband detectors, [8] the coherent light sources that can be easily implemented in the standard fabrication process are still highly desirable and yet illusive. [9, 10] Last two decades have witnessed tremendous efforts in realizing coherent light sources in silicon photonics. Hybrid photonic integration by either wafer bonding [11] or growing III-V material on silicon has enabled electrically pumped lasers, [12, 13] however this approach is rather costly and complicated due to lattice mismatch between silicon and III-V materials. By engineering strains, germanium (Ge), compatible with CMOS process, can be tuned from the indirect bandgap to the direct bandgap for achieving lasing emission, yet such devices are mostly working at cryogenic temperature with a limited radiative efficiency. [14] Recently, exploring nonlinear optical processes is emerging as an elegant solution, e.g., using stimulated Raman emission [15] or frequency comb generation [16] . The difficulty in this direction lies in the electrical injection and efforts on indirect electrically pumped comb are being heavily pursued. [17] Alternatively, solution-processed gain materials could be introduced to silicon based photonic nanostructures to achieve light emitting devices that could be easily implemented with the standard fabrication process. [18] [19] [20] [21] [22] [23] [24] As a direct-bandgap semiconductor, colloidal all-inorganic perovskite nanocrystals are a compelling gain material for laser applications, whose emission wavelength can cover the whole visible range by changing the composition stoichiometry while maintaining high photoluminescence quantum yield. [25, 26] So far, lasing actions have been mainly achieved by using micro-cavities made from solution-processed thin films in which the perovskite material serves as both the lasing cavity and the gain material. In such cases, laser cavities are strictly restricted to several types of particular cavity geometries, and the optical gain suffers from the low quantum efficiency due the polycrystalline nature of the perovskite thin films. [18, 24, 27] Combining perovskite nanocrystals and silicon based photonic cavities may enable lasing actions with improved performances in terms of device footprint, lasing threshold and the emission linewidth, which could serve as a viable alternative for coherent light sources in silicon photonics. [28] In this work, we demonstrate on-substrate photonic crystal nanobeam cavities with improved mechanical and thermal stabilities over the widely used suspended nanobeam cavities. Our nanobeam cavities exhibit increased Q-factors when coated with a layer of polymer, offering a compelling way of integrating solution-processed emitters. Efficient coupling between perovskite nanocrystals and the nanobeam cavity is characterized by time-resolved photoluminescence measurements. The spontaneous emission rate of perovskite nanocrystals is significantly enhanced when their emission couples to the cavity mode. We've achieved a highly compact device with the state of the art lasing threshold (5.62 µJ/cm 2 ) and an ultra-narrow linewidth (0.045 nm). We optimized parameters of the on-substrate nanobeam photonic crystal cavities [29, 30] via finite difference time domain (FDTD) calculations. As shown in Figure 2a , the cavity consists of a tapered section in the middle and two Bragg sections on both sides, supported on a silicon oxide substrate. Such on-substrate nanobeams offer greatly improved mechanical and thermal stabilities over the conventional suspended ones. In addition, after coated with a layer of PMMA with the same refractive index as the silicon oxide, the Q-factor of the cavity mode can be significantly increased, facilitating the onset of the lasing operation. Figure 2b PMMA is roughly the same as the silicon oxide substrate, we use it as the coating layer above the cavity to create a symmetric refractive index distribution along the z direction. We measured the cavity Q-factors for the nanobeam before and after PMMA encapsulation by utilizing the cavity enhanced intrinsic fluorescence of SiN [31] without the introductions of grating couplers and adiabatic tapers. The avoidance of the grating couplers and adiabatic tapers allows the fabrication of more Bragg mirrors, which boosts the achievable Q-factor more than one order of magnitude respective to the previous work [30] . Figure 2d presents the PL spectrum of the cavity mode before the coating of the PMMA layer, showing a sharp resonance at 670.5 nm with the Q-factor of 10,000. The discrepancy between the simulated and measured Q-factors is attributed to the imperfections from the fabrication, including nonuniformity of the elliptical hole sizes and side-wall roughness, etc. For cavities with PMMA encapsulation, the resonant wavelength red-shifted to 688 nm, and the Q-factor increased to 17,000 (Figure 2e) . These phenomena can be well reproduced in the FDTD simulations as shown in Figure S1 . We simulated a series of refractive index of the top encapsulating layer, and the simulated result indicates that a symmetric refractive index distribution along the z direction gives the highest Q-factor of the nanobeam ( Figure S2 , Supporting Information). In addition, we systematically varied the cavity's geometries, by linearly scaling the hole radius and periods, and found the cavity modes can be tuned continuously across the entire visible range ( Figure S3 , Supporting Information). We note that we used the Q-factor of the emitter instead of the cavity since our system is in the bad emitter regime, where the linewidth of the emitter is much broader than the cavity linewidth. In our cases, the linewidth of the perovskite nanocrystal emission is 30 nm, giving rise to a Q-factor about 23 (Figure 1b ). From the FDTD simulations, we obtain
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is 0.39, assuming that the emitter is located at the center of the nanobeam cavity surface. With these values, the resulting theoretically calculated Purcell factor is 1.54, consistent with the measured number in the experiment. To identify the transition from spontaneous emission to lasing, we investigated the characteristics of the cavity mode at different pump intensities. Pump intensity dependent spectra are presented in Figure 4a . With the increase of the pump intensity, a clear lasing peak at 688 nm emerges and the cavity mode became dominating in the spectra compared to the background emission. Figure 4b shows the intensity change of the cavity mode as a function of pump intensity, referred to as the "light input-light output" or "L-L" curve, in which a clear tuning point can be identified. The spontaneous emission from an "off-resonant" position at the same wavelength, which does not show lasing, is also plotted in Figure 4b for comparison. The fitting of "L-L" curve with a rate equation model in logarithm scale is presented in Figure S4 , resulting in a β-factor of 0.08. Figure 4(c,d) present the dependence of linewidth of the cavity mode on the pumping intensity. The spectra of the cavity modes at different pump intensities are fitted by Lorentzian line-shapes. With the increase of the pump intensity from 2.25 to 16.87 µJ/cm 2 , the linewidth of the cavity mode narrowed down from 0.085 to 0.045 nm. We notice that the cavity mode slightly blue-shifted at the high pump intensity, which can be attributed to the change of the refractive index of the nanobeam due to the increased carrier density [32] and the heating of PMMA. [33] The relatively small blueshift of the cavity mode above threshold is a good indication of the improved thermal stability due to the on-substrate structure. The linewidth of the cavity mode as a function of the pump intensity is plotted in Figure 4d , showing a clear linewidth narrowing behavior. The rapid linewidth reduction regime, shaded in gray, synchronizes with the regime of dramatic change in the output intensity, which indicates the transition from spontaneous emission to stimulated emission. We note that the thermal optics induced linewidth broadening at high pumping intensities is not particularly obvious in our experiment, which could be due to two reasons. First, the thermal stability of our device is greatly improved by employing the on-substrate cavity. Second, with the low threshold, the energy of the laser pulses (above threshold)
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we injected into the device is relatively low, elevating significant thermal-optics effect.
We note that the linewidth of the cavity mode above threshold is close to the resolution of our spectrometer. Our lasing devices exhibit superior performances with the state-of-the-art lasing threshold down to 5.62 µJ/cm 2 , the lasing linewidth as narrow as 0.045 nm, small footprint of 4 µm 2 and the CMOS compatibility, as shown in Table 1 . Table 1 . Comparison of the performance for the existing all-inorganic perovskite nanolasing.
a) The "hot cavity" Q-factor is derived from the lasing mode. b) We calculate the device size from its cross-sectional area (CSA) and height of the devices. c) scalable by using CMOS compatible process. d) NA denotes for the Non-Available Information. e,f) Since the CSA of the these DBRs are not given directly, we use the spot area as the CSA to calculate the size. The abbreviations are as follows: WGM: The Whispering Gallery Mode Cavity; DBR: Distributed Bragg reflector; NWs: Nanowires; DFB: Distributed feedback; FP: Fabry-Perot cavity; NCs: Nanocrystals; PhC: Photonic crystal.
In addition, we measured the lifetime of the cavity mode in relation to the pumping intensity (Figure 4e) . Under a pump intensity of much lower than the threshold (0.05 P th ), the PL decay trace followed a slow single-exponential decay, resembling the spontaneous emission trace (blue trace). With the increase of pump intensity approaching the threshold (0.3P th , 0.6P th ), the decay got faster and can be fitted by a biexponential decay function. The faster component is due to the Auger recombination because of high density of photon excited excitons, [46] see the extracted amplitude and lifeitme of the fast component as a function of the pumping intensity in Figure S5 . As the pumping intensity surpassed the threshold (1.2 P th ), the PL decay time decreased to 1 ns (green trace). The significantly shortened PL lifetime above the threshold is a result of onset of stimulated emission. [47] 
Discussion and conclusions
In conclusion, we have demonstrated the first high-performance perovskite nanocrystal lasing based on the SiN nanobeam cavity, which could serve as a potential coherent light sources to extend silicon photonics to the visible regime. This approach greatly benefits from the advantages of non-suspended structure and the symmetric distribution of the refractive index along z direction, offering substantial improvements for both mechanical and thermal stabilities and the Q-factor of the lasing cavity. Thanks to the high material gain from perovskite crystals, the high-Q and low mode volume of the nanobeam cavity, our highly compact lasing device simultaneously exhibit a ultra-low threshold of 5.62 µJ/cm 2 and a record narrow linewidth (0.045 nm), which is potentially applicable for high-resolution spectroscopy and coherent sensing. Unlike gain materials with fixed luminous wavelengths, such as two-dimensional materials, we can create laser devices spanning the entire visible range by controlling material composition and linearly scaling size of the photonic cavities. By reducing the density of the perovskite nanocrystals, our device can be explored to build coherent single-photon sources [48] with deterministic positioning techniques [30] and thermally tunable cavity [33] , which may potentially change the landscape of solid-state quantum photonics with the replacements of epitaxial quantum dots [49] by low-cost chemically synthesized perovskite nanocrystals. Our work paves a credible way towards highly-efficient active integrated photonic devices based on silicon photonics platform, with applications in optical information science and quantum photonic technology.
Materials and Methods
Perovskite nanocrystals preparation. In order to ensure the quality of the device, the proportion of solution is an important parameter to optimize. Too high concentration will obviously reduce the Q-factor of the cavity (also see Figure S2 ). Here, we injected a 10 ml toluene to 1ml
CsPb(Br/I)3 solution and then mixed PMMA with a volume ratio of 1:2 as the gain medium we use. Lastly, the gain medium solution was spin-coated on the nanobeam sample at 3000 rpm for 1 minute, followed by a thermal annealing at 60 °C for 5
minutes.
Optical measurement. The fabricated sample was characterized on a home-built PL setup sketched in the supporting information ( Figure S6 ). For the cavity measurements, a continuous wave (CW) laser with a single mode fiber excitation at 532 nm was focused (Olympus 50 × objective lens, NA = 0.90) onto the sample center.
The spectra were collected by a spectrometer with a 1200 line/mm grating (Princeton Instrument SP2758). The cavity emission signal was filtered out spectrally by a 532 nm long-pass filter. Since the low-efficiency of intrinsic fluorescence of SiN, a long exposure time (5-10 s) were employed. The same setup has been used to characterize nanobeam coated with perovskite, but with a ps laser (532 nm, 5 ps, 86 MHZ) instead of a CW laser. The polarization analysis was performed by a half-wave plate and a polaroid. For time-resolved decay measurements, a Ti-sapphire pulsed laser with a pulse duration of 120 fs and repetition rate of 79 MHz is used to excite the samples.
The sample is excited by the optical pulses through an objective with NA = 0.65, and signal detected with an avalanche photon detector connected to a single photon counting module (PicoHarp 300). The scattered laser background is suppressed with the grating of spectrometer.
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